and sperm analyses ranged from 3 to 6 hours [35] . At the laboratory, testes and epididymides 134 were removed from the scrotum. Spermatozoa were collected by cutting the distal proportion 135 of the epididymides with a surgical blade, and diluted in PBS (pH 7.5; 320 mOsm/kg). After 136 dilution, sperm motility was assessed subjectively and only those epididymal semen samples 137
with a minimum quality were cryopreserved, as a way to assure that all sperm samples 138 showed good quality before freezing. Thus, only semen samples with a sperm motility 139 subjectively assessed over 80% (SM; 0 100%) and a quality movement over 4 (QM; on a 140 scale of 0 5, where 0 is no motility and 5 is vigorous progressive movement) were freeze. 141
Cryopreservation was performed as described by Soler et al. [16] , and frozen semen was 142 stored in liquid nitrogen (-196 ºC) for a minimum period of 6 months before thawing. 143
Thawing was performing by dropping the straws in a water bath with saline serum at 37 ºC 144 for 20 s. 145 146
Assessment of thawed sperm quality 147
After thawing, semen samples were incubated in a water bath at 37 ºC during 2 hours 148 previously to semen quality assessment. Percentage of motile spermatozoa (SM) and the 149 quality of movement (QM) were subjectively assessed and a resume measure, the Sperm 150 8
154
Membrane stability with YO-PRO-1, the viability with Propidium Iodide (PI) and the 155 mitochondrial membrane potential with Mitotracker Deep Red were assessed by flow 156 cytometry [37] . Thus, the YO-PRO-1 /PI ratio is the proportion of viable spermatozoa with 157 a stable membrane, the YO-PRO-1+/PI+ ratio is the proportion of death spermatozoa and the 158
Mitotraker+/YO-PRO-1 ratio is the proportion of spermatozoa with high mitochondrial 159 membrane potential. 160 We also objectively assessed the motility characteristics of sperm by Computer Assisted 161
Semen Analysis (CASA) as described in Martínez-Pastor et al. [38] . Analyses were carried 162 out using the Sperm Class Analyzer software (SCA® 2002 methods were used jointly in a multi-step procedure. Multi-step procedures have been used 190 successfully to classify sperm subpopulations [7, 12] . Generally, non-hierarchical methods are 191 employed as the first step. The clusters produced by the non-hierarchical method are then 192 merged in the second step by an agglomerative hierarchical method. The first step may also 193 be used to identify outliers or special clusters, allowing continuation to the second step with 194 an optimized set of clusters. In this study, a total of 10 clusters were obtained from the non-195 hierarchical step and the merged in a final number of 4 clusters in the hierarchical clustering 196 step. The criteria considered to define the optimal number of clusters in each step were then 197 same describe above for the non-hierarchical and hierarchical clustering methods. Then, this database was split and used to generate the SVM equations and to test how the 213 SVM method and other clustering procedures perform the spermatozoa classification into 214 subpopulations. Thus, the training data set consisted of 720 sperm tracks (120 per male) 215 randomly chosen and was used to generate the SVM equations, while the testing data set 216 consisted of the other 649 sperm tracks and was used to test the performance of the clustering 217 procedures. The kinematic parameters VCL, VSL, VAP, ALH and BCF were loaded into the 218 SVM procedure to generate SVM equations that were able to distinguish among sperm 219 belonging to different subpopulations. We discarded the use of LIN and STR parameters 220 because of they are linear combination of the other motility parameters. Once, the SVM 221 equations were constructed, the accuracy of the classification of spermatozoa into different 222 subpopulations by the SVM procedure, as well as, by the k-means, hierarchical and multi-stepclustering procedures were tested using data in the testing set. For the latter clustering 224 methods, the same five kinematic traits, VCL, VSL, VAP, ALH and BCF were used. 225 
Statistical analysis 234
All statistical analyses in this study were conducted with the R statistical software [41] . 235
To implement the SVM methodology, we used the svm function from the e1071 R package 236 [43] . Package e1071 provides an interface to libsvm [44] , a robust and fast implementation of 237 the most popular SVM formulations (C and classification, and regression, and novelty 238 detection). 239
Results obtained from the use of different classification methods to characterize the 240 subpopulation in the test set were presented graphically ( Figure 3 ) and as a confusion matrix 241 (Table 3) . In this matrix, each row represents the instances in a predicted class, while each 242 column represents the instances in an actual class. Values on diagonal (in bold) represents 243 events that have been well-classified. To evaluate how different methods performed the 244 classification, the overall accuracy rate has been calculated. The overall accuracy is defined as 245 the sum of the diagonal of the confusion matrix divided by the total number of events. For this 246 study, accuracy has been presented as an error rate, that is, 1 minus the overall accuracy. Inaddition, correlations between the sperm parameters used to determine the freezability of a 248 male (that is, the SMI and the cytometry parameters) and the percentages of subpopulations of 249 males were calculated for each classification method. This allowed us to examine which of 250 these methods perform a sperm subpopulation characterization that best correlates with 251 freezability of males. 252
The method that performed the most accuracy classification, in this study the SVM 253 method, was then used to characterize the sperm subpopulations distribution in the Iberian red 254 deer. Once sperm population structure was characterized, we performed a principal 255 component analysis (PCA) to examine the relations between the different sperm 256 subpopulations defined for the Iberian red deer and to explore how an overall measure of the 257 sperm population distribution could be useful to characterize freezability of males. 258 After the freezing-thawing procedure, semen samples of Iberian red deer showed, on 262 average (mean ± SEM), a SMI of 39.3 ± 2.9 %, a percentage of YO-PRO-1 /PI and YO-263 PRO-1+/PI+ sperm of 41.2 ± 2.9 % and 39.7 ± 2.6 %, respectively, and Mitotracker+/ YO-264 PRO-1 of 39.0 ± 3.0 % (Table 1) . Highly significant differences were observed between the 265 two groups of males with different freezability. Thus, males with poor freezability showed a 266 SMI of 15.0 ± 2.5 %, a YO-PRO-1 /PI of 20.7 ± 1.4 %, a YO-PRO-1+/PI+ of 61.6 ± 2.3 % 267 and a Mitotracker+/YO-PRO-1 of 20.2 ± 1.3 %, while for the group of three males with 268 good freezability, a percentage of 52.5 ± 1.4 % for the SMI, a 55.8 ± 0.3 % and a 25.1 ± 1.7 269 13 272
SVM model training 273
The 1369 sperm tracks from 6 stags with large differences on their freezability were 274 manually classified into subpopulations based on their motility characteristics observed at 2 275 hours of incubation after thawing (Table 2 and with poor and good freezability, the sperm distribution was (mean ± SD): for the poor 289 freezers, 77.7 ± 17.2 % as SP1, 3.8 ± 1.8 % as SP2, 16.6 ± 17.2 % as SP3 and 2.0 ± 2.1 % as 290 SP4; for the good freezers, 32.4 ± 5.4 % as SP1, 16.6 ± 4.8 % as SP2, 21.0 ± 2.7 % as SP3 291 and 30.0 ± 9.0 % as SP4. Differences between both poor and good freezers in the distribution 292 of all the subpopulations were significant (p < 0.05). Characterization of sperm into these four 293 subpopulations can be graphically observed on Figure 2A , as well as for the group of malesvisually assigned to the different subpopulations based on their motility patterns, the database 296 was split into the training set and the testing set. A total of 720 sperm tracks (120 per male) 297 were randomly chosen to be the training set and then used to generate the SVM equations. 298 almost all the sperm were well-classified into their subpopulations using the SVM model 307 generated from data in the training set ( Figure 3A) . The sperm characterization obtained 308 using the non-hierarchical clustering and the multi-step methods were quite similar, with error 309 rates of 0.197 and 0.216, respectively. These two methods well-identified the sperm with a 310 weakly movement, and the transitional and hyperactivated-like subpopulations, but showed 311 problems when identifying the sperm characterized by progressive movement ( Figures 3B  312   and 3D ). The hierarchical clustering was the method that performed the less accurate 313 classification, with an error rate of 0.537. This method showed an erratic classification of 314 sperm, with more than half of sperm tracks being miss-classified ( Figure 3C ). Correlations 315 between sperm parameters used to evaluate the freezability of a male and percentages of 316 different subpopulations of males were calculated for each classification method (Table 4) . 317
The method showing the highest correlations was the SVM method, being the four 318 subpopulations significantly correlated (p < 0.05) with the SMI and the sperm parametersevaluated by flow cytometry. Meanwhile, non-hierarchical clustering methods showed lees 320 strong correlations and only the SP4 showed significant correlations with the sperm 321 parameters used to determine the freezability of males. Therefore, the SVM method resulted 322 to be clearly superior to the unsupervised clustering methods when looking for a 323 subpopulations distribution that best correlates with freezability of males. 324 as hyperactivated-like. The characteristics of the four motility patterns identified in the Iberian 334 red deer (Tabla 5) were similar to those described in the training set (Table 2) . 335
To explore the relations between these four sperm subpopulations, we performed a 336 principal component analysis. We retained the first two principal components based on Kaiser 337 criterion (Figure 4) . The first principal component accounted for 64.1 % of the total variance, 338 and which could be interpreted as an indicator of non-vigorous movement, so the greater this 339 value is, the less vigorous the movement is. This principal component allowed differentiating 340 between males with higher percentages of SP1, and males with higher percentages of SP2 and25.7 % of the total variance. This second component allows differentiating among males with 344 an average freezability, and could be interpreted as indicator of overall motility. Thus, males 345 with higher percentages of motile sperm showed greater values for this second component. 346 We have evaluated how the SVM and the non-hierarchical clustering methods performed 380 the characterization of sperm subpopulations. The SVM has been the most accurate method, 381 with less than 5 % of sperm being miss-classified, and being the four subpopulations obtained 382 from this method high significant correlated with the SMI, membrane integrity and 383 mitochondrial membrane potential used to characterize the freezability of males. By contrast, 384 non-hierarchical methods have showed errors above 20 %, and only one of the subpopulations 385 (SP4) have showed significant correlations with those sperm parameters used to characterize 386 the freezability of males. The characterization provided by these methods has not taken into 387 account information on the differences in the distribution of sperm between poor and good 388 freezers and, for that reason, has resulted to be a little different from the characterization 389 performed by the SVM method. Thus, although we could find differences in the sperm 390 population structure defined in this way between males showing poor and good freezability, 391 this association would be less strong than that expected from the use of the supervised 392 learning method in which information on sperm motility distribution of males have been used 393 to develop the SVM model. 394
Thus, the SVM method has been used to characterize the sperm motile population 395 structure of frozen thawed semen in the Iberian red deer, in order to find a subpopulations 396 distribution that best correlates with freezability of males. Motility data from 25 stags 397
showing differences on freezability were recorded and loaded into the SVM model previously 398 generated in the training step. The same four subpopulations with a weak motile, progressive, 399 transitional and hyperactivated-like motility patterns have been clearly represented in the 400 sperm population. Significant differences on the distribution of sperm among these four 401 subpopulations have been observed between males with different freezability. Thus, sperm 402 characterized by a weak motility pattern (SP1) were predominant in those males with poor 403 freezability, while for those males showing better freezability, higher percentages of 404 progressive and hyperactivated-like sperm were observed. Concerning to the transitional 405 subpopulation, the percentages increased as the sperm quality at thawing increase. 406
To further explore the relations between the four sperm subpopulations, and to explore 407 how an overall measure of the sperm population distribution could be useful to characterize 408 the freezability in the Iberian red deer, we have performed a principal component analysis 409 differences on their quality on thawed semen and, therefore, could be useful to characterize 429 the freezability of males. 430
Here, we have used the SVM method to characterize the sperm motile population 431 structure related with freezability. However, this method can also be useful for other 432 purposes, among which highlight the study of fertility potential of males. Sperm fertility 433 studies are now focused on analyses that incorporate multiple variables to examine how 434 different sperm parameters interact to determine fertility. Semen samples must be subjected in 435 parallel to several different tests and their outcome should be subjected to multiparametric 436 analyses in order to provide the highest level of fertility prediction. And it will be within this 437 field where the SMV method proposed in this study will provide and important support. 438 Summary of the percentages of subpopulations found on each male (mean ± SD). 626 
